A new nozzle system for the efficient production of multi-layered nanofibers through electrospinning is reported. Developed a decade ago, the commonly used coaxial nozzle system consisting of two concentric cylindrical needles has remained unchanged, despite recent advances in multi-layered, multi-functional nanofibers. Here, we demonstrate a core-cut nozzle system, in which the exit pipe of the core nozzle is removed such that the core fluid can form an envelope inside the shell solution. This configuration effectively improves the coaxial electrospinning behavior of two fluids and significantly reduces the jet instability, which was proved by finite element simulation. The proposed electrospinning nozzle system was then used to fabricate bi-and tri-layered carbon nanofibers.
S
ince the early 1990s, one-dimensional (1-D) nanomaterials have been extensively researched due to their numerous advantages, including minimal structural imperfections per unit volume 1 , unusual surface-tovolume ratios [2] [3] [4] , and excellent material properties 5 . Many studies have been performed on various 1-D forms (e.g., nanoribbons, nanowires, nanorods, and nanofibers) and applied to various fields (e.g., field-effect transistors 6 , imperfect tissue restoration and reconstruction 7 , functional clothing 8 , gas sensors [9] [10] [11] , filter membranes 12 , and energy-storage devices 13 ). Recently, 1-D hybridized nanomaterials, such as nanoparticle-encapsulated nanofibers, have demonstrated improved mechanical and electrochemical performance [14] [15] [16] , as well as amphiphilicity (anti-fouling effect) 17 , antimicrobial and ultraviolet protection 18 , and controlled drug delivery 19 , drawing attention from many researchers and providing new routes for multifunctional material development.
Due to its simple set-up 20 , mass productivity 21 , size controllability 22 , and easy composition with other materials 23 , electrospinning is one of the most useful processes for fabricating 1-D nanomaterials [24] [25] [26] and hybridizing these materials with multifunctional nanoparticles [27] [28] [29] . The main principle of the electrospinning process is the breaking of equilibrium between the surface tension and the electrical force; i.e., charged fluids form a Taylor cone under a strong electric field, from the tip of which the charged jet is ejected when the electrical force overcomes the surface tension 24 . Various electrospinning studies have been performed for process optimization 30 and simulation 31 , characterizations of nanofibers 32 , energy applications 33 , and new process development (e.g., coaxial electrospinning process) 34 . However, few studies have focused on the new manufacturing processes for multilayered nanofibers involving multi-coaxial electrospinning, with the exception of core/shell bilayer nanofibers 35 . This is due mainly to a lack of understanding of multi-coaxial electrospinning, in particular, the fluidic behavior of multi-fluids inside or at the electrospinning nozzle 34, [36] [37] [38] . Since Loscertales et al. reported the coaxially electrified jet 39 , most of the coaxial spinnerets in electrospinning have been designed to have two concentric inner and outer nozzles ( Fig. 1(a) ). The length of the exit pipe of the core nozzle is equal to that of the outer nozzle; i.e., the core and shell fluids meet at the exit end of the nozzle 22, 40, 41 . As a result, two physical phenomena happen almost simultaneously because the junction is located at the end of the outer needle: the shell fluid wraps around the core fluid, while the shell fluid forms a Taylor cone to balance the surface tension and charge accumulation.
Despite the complexity at the nozzle end, few researchers have to our knowledge considered the geometric configuration of the coaxial nozzle in a scientific manner. Thus, this research began with an idea for a new coaxial nozzle, designed to separate the two physical phenomena described above. This novel design was expected to offer more stable coaxial electrospinning conditions, better reproducibility, and facilitate multi-layered nanofiber formation. Note that here 'stable' is not related to the whipping phenomenon but to core/shell structure formation.
In this work, the fluidic behaviors of polymer solutions in coaxial nozzles were simulated to investigate the stable condition of the coaxial electrospinning system. Experiments were then performed to confirm the simulation results, in particular, to fabricate multilayered nanofibers (tri-layered nanofibers) by multi-coaxial electrospinning.
The coaxial electrospinning process was simulated using the finite element method (FEM) and the level set method 40, 41 . Because the simulation capability of the software (COMSOL) was limited to a two-phase flow model, the core and the surrounding environment outside the nozzle were assumed to be air, while a poly(acrylonitrile) (PAN) solution was assumed for the shell material. The liquids were assumed to be incompressible and Newtonian fluids. Furthermore, the immiscibility of the two fluids was assumed. The cylindrical symmetry of the nozzle system created a two-dimensional (2-D) axisymmetric model (Fig. S1) . The simulation procedure, including the governing equations, is described in detail in Supplementary Information. The coaxial nozzle system consisted of core and shell nozzles, the pipe length of which could be controlled ( Fig. 1(a) ). The electrospinning simulation was performed for three nozzle systems having different lengths for the exit pipe of the core nozzle, as follows:
(1) the 'normal' nozzle, in which the exit pipes of the core and shell nozzles meet at the same position, (2) the 'middle' nozzle, in which the exit pipe of the core nozzle was shortened to half that of the normal nozzle, and (3) the 'core-cut' nozzle, in which the exit pipe of the core was removed, as shown in Fig. 1(b)-(d) , respectively. The fluidic behavior of the core and shell solutions during coaxial electrospinning was calculated for the three nozzle systems, as shown in Fig. 2 (Movies S2, S3, and S4) in Supplementary Information provide additional information). Fig. 2 shows that the nanofiber formation occurred in a series of three stages: the envelope formation of the fluid, the thinning of this envelope, and the formation of a Taylor cone. The envelope formation and its thinning, in particular their progression over time, were dependent on the exit-pipe length of the core nozzle. As the exit pipe of the core nozzle was shortened, the growth of the core fluid envelope was delayed by thinning of the core fluid within the exit pipe of the shell nozzle ( Fig. 2: a3, b3, and c3 ). This occurred because the core fluid tried to create an envelope inside the shell fluid, during which the core fluid was stressed by the shear flow of the shell fluid. As a result, in the core-cut nozzle, a high flow rate of the shell fluid was not necessary for Taylor cone formation of the core fluid. Recalling that nanofibers are formed from a jet from the Taylor cone of the fluid, it can be deduced that the core/shell nanofibers can be manufactured more stably in the core-cut nozzle. 
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The instability of the fluid interfaces (between the core and shell, and the shell and the surrounding environment) was evaluated using the simulation results. In the coaxial electrospinning process, the flow instability of fluid was caused by the shear flows at the interface; e.g., two fluids with different shear flow formed an intermediate (mixed) fluid with different potential and kinetic energies from the two fluids. The intermediate fluid expanded over the entire region for the extreme cases; i.e., the two fluids mixed completely. This phenomenon can be explained by Kelvin-Helmholtz (K-H) instabilities 42, 43 . K-H instability was evaluated based on the kinetic and potential energies in parallel shear flows, before and after mixing. This criterion, defined as the Richardson number, states simply that the fluid mixing is stable if the total energy is reduced. The Richardson number is described in detail in the Supplementary Information. Fig. 3 shows the Richardson number distribution over the coaxial electrospinning process; the stable region of the fluid interfaces is indicated by the dark red area, where the Richardson number exceeds 1/4. The shell-environment interface, located ,1 mm away from the entrance of the exit pipe of the shell nozzle tip, was unstable, regardless of the exit-pipe length of the core nozzle. One particularly important finding was that the fluid mixing was stable for core-cut and middle nozzle systems; i.e., a stable fluidic interface was ensured inside the shell nozzle where the core fluid was wrapped by the shell fluid.
The charge distribution within the fluids during coaxial electrospinning was investigated for the three nozzle systems. The transient behavior of the core and shell fluids within the normal nozzle system is shown in Fig. 4 , focusing on the charge density distribution, its evolution, and the fluid front formation during coaxial electrospinning. As time progressed, the charge eventually migrated to the shellenvironment interface; this is indicated in Fig. 4 (c) by the light yellow color. The charged fluid then moved under the effect of external electrical forces. Finally, the shell-air interface shrank in the normal direction and stretched along the tangential direction (Fig. 4(c) -(h)), because the electrical displacement was discontinuous with respect to the interface normal direction and the charged fluid was dragged to the ground continuously 44, 45 . As thinning of the fluid occurred, the charge near the nozzle end became more concentrated. Under these conditions, minimal charge accumulation occurred at the interface between the core and shell fluids; thus, the core fluid was dragged by the shear flow of the shell fluids (we will investigate this in more detail later). In summary, due to charge conduction, the migrating charges first became concentrated at the shell-environment interface, particularly at the tip of the envelope and around the nozzle end. As the fluid was dragged and thinned by the external electrical force, the charges moved by convection. As a result, charges accumulated along the shell-environment interface. Here, we observed two phenomena: (1) an unexpected flow front and (2) the formation of surface charge on the core fluid (Fig. 4(c) -(h), indicated by the light blue color) and at the corner point of the nozzle end. The flow front of the shell fluid became wider beyond the shell nozzle and expanded further, as shown in Fig. 4(b) -(h). This behavior was attributed to the boundary conditions. The wall condition was imposed on the horizontal line near the nozzle end, such that the shell fluid moved along the boundary (Fig. S3) . In reality, such a boundary condition does not exist, which may contribute to the formation of a small, sharp Taylor cone. In the current simulation, our main focus was to investigate the effect of the three nozzle systems on the spinning behavior; thus, the wall boundary condition was imposed to reduce the computation domain and computation time. The charges on the surface of the core fluid and at the edge between the shell and the surrounding wall were bound charges due to polarization, the effect of which is discussed below in detail.
The distribution of space charge was compared for the three nozzle systems, as shown in Fig. 5 . The charge on the surface of the core fluid disappeared as the exit pipe of the core nozzle was shortened. Because free charge migrated to the shell-environment interface, the charge observed on the surface of the core fluid (i.e., the interface between the core and shell fluids) was attributed to polarization bound charges. This bound charge induced the formation of a free-charge concentration around the shell fluid. The concentration of free charges was particularly noticeable on the upper part of the stream, in that the maximum charge of the normal nozzle system (0.8596 C m 23 ) was larger than that of the middle (0.2423 C m 23 ) and core-cut (0.2485 C m 23 ) nozzle systems. Polarized bound charge also accumulated near the edge of the exit pipe; however, its concentration was highest for the normal nozzle system (Fig. 6) . As a result, equipotential surfaces were set up inside the nozzle; a discontinuous potential distribution was observed outside the nozzle. This discontinuity induced high polarization in the core and shell fluids, which affected the electrical forces. The polarization effect was strongest for the normal nozzle system, because the exit pipe of the inner nozzle underwent a potential discontinuity compared with the other two cases. This high polarization may produce unnecessary electrical forces acting on the core-shell and shell-environment interfaces (Fig. S5, Supplementary Information) . Excessive electrical force (for creating the jet) may induce jet instabilities. Simulation results indicated that the electrical force for jet formation was minimal for the core-cut nozzle system, implying that the core-cut nozzle design was, indeed, beneficial with regard to reducing jet instability. Finally, the velocity profiles of the core and shell fluids were investigated, focusing on the intersection of the core and shell fluids (Fig. 7) . Because the nozzle was cylindrical in shape, laminar pipe flow with a parabolic velocity profile was observed. As the diameter of the pipe decreased, a steeper velocity profile was observed. For the normal and middle nozzles, the velocity profile of the core fluid changed considerably when the core fluid met the shell fluid ( Fig. 7(a) and (b) ). However, the shell fluid in the core-cut nozzle did not pass the narrow pipe-like region therefore, the velocity profile remained smooth. Accordingly, the core fluid flowed stably inside the shell fluid, without distinct deformation of the velocity profile. Thus, these results indicated that the core-cut nozzle configuration was the most advantageous of the three nozzle types with regard to stable formation of the core-shell interface and multi-layered nanofibers.
The new findings from the electrospinning simulation of the corecut nozzle were validated experimentally. SAN-core/PAN-shell nanofibers were electrospun and thermally treated to produce hollow carbon nanofibers (HCNFs) [46] [47] [48] . Here, the concentrations of the PAN and SAN solutions in DMF were 20 and 30 wt%, respectively. The coaxial electrospinning conditions were set: the flow rate of the PAN shell solution was 1.00 mL h 21 , the applied voltage was 18 kV, and the tip-to-collector distance was 15 cm. We used two flow rates for the SAN core solution: 0.50 and 1.00 mL h
21
. The former was selected to investigate the morphologies of the core/shell structures according to different nozzle systems used in the simulation, while the latter was to show the limitation of the normal nozzle.
As shown in Fig. 8 (a)-(c) , the hollow structure of the prepared nanofibers was successfully formed from all of the three nozzle systems. The typical cross-sectional shapes of nanofibers were, however, quite different from each other. The cross-sections of the HCNFs prepared using the normal and middle nozzles were highly elliptic (in both outer and inner circumference). In contrast, the HCNFs prepared using the core-cut nozzle showed more circular outer and inner circumferences (for quantitative comparison, we measured the eccentricities of the outer and inner circumferences as listed in Table S3 ). Note that the closer the eccentricity value is to zero, the more circular the ellipse 48, 49 . Furthermore, the hole of HCNFs was more coaxially formed in the HCNFs manufactured using the core-cut nozzle. We believe that more desirable cross-sectional shape of HCNFs manufactured from the core-cut nozzle was attributed to the fact that the core solution envelope was sufficiently guided by the shell solution in the core-cut nozzle, while the core solution envelopes of the normal and middle nozzles experienced the abrupt change of the velocity and subsequent thinning behavior (as shown in Fig. 7) . As the flow rate of the SAN core solution increased to 1.00 mL h 21 , we observed that the hollow structure was not formed in the nanofibers prepared using the normal nozzle, i.e., the core solution was not perfectly covered by the shell solution ( Fig. 8(d) ). The HCNFs prepared using the core-cut and middle nozzles showed uniform hollow structures (Fig. 8(e) and (f) ). Therefore, it can be concluded that the core-cut nozzle is more beneficial to produce better-developed core/shell nanofibers. The core-cut nozzle was then retrieved to control the hollowness and wall thickness of the HCNFs. Note that the hollowness and wall thickness were successfully controlled using a general coaxial nozzle and controlling several of the processing parameters (i.e., the SAN flow rate, SAN concentration, and PAN concentration) 48 . The flow rates of the PAN solution, however, could not be reduced beyond 1.00 mL h
. A lower flow rate for the PAN solution would provide an efficient means of producing thinner HCNFs; however, these lower rates tended to produce C-shaped CNFs instead of hollow CNFs, due to the insufficient volume of the shell solution wrapping the core. The flow rate of the PAN solution could be lowered when the core-cut nozzle was used, which was probably due to the thinning of the core fluid inside the shell nozzle. Fig. 9(a)-(c) show fieldemission scanning electron microscopy (FE-SEM) images of the morphological change of the resulting HCNFs, according to the flow rate of the PAN solution, for a constant SAN flow rate of 0.50 mL h 21 . The wall of the HCNFs fabricated with the low flow rate of the PAN shell solution (0.25 mL h 21 ) was wrinkled, but became more circular as the flow rate of the PAN solution increased. Fig. 9(d)-(f) show the morphologies of the HCNFs fabricated using various PAN flow rates for a fixed SAN flow rate of 0.25 mL h
. The reduced core rate brought about the circular shape of the HCNFs without wrinkling, and also reduced the wall thickness ( Fig. 9(g) ). One interesting observation was the slight change in the outer diameter of the HCNFs (e.g., from 578 (676) to 609 (6108) nm) as the flow rate of the PAN solution increased; whereas the inner diameter of the HCNFs decreased notably from 425 (677) to 327 (674) nm, implying that the increased shell volume resulted in greater elongation of the core solution by shear dragging.
Multi-layered nanofibers were manufactured using triple coaxial electrospinning and the core-cut nozzle. A tri-layered core-cut nozzle (Fig. S1(e) ) was designed to make stable envelopes of the core and medium fluids within the shell fluids, respectively. The processing parameters used are listed in Table 1 . Concentrically tri-layered, PAN-core/SAN-medium/PAN-shell nanofibers were electrospun using the core-cut nozzle. First, the internal structure of the as-spun tri-layered nanofibers was examined using transmission electron microscopy (TEM). Although a slight contrast difference was observed ( Fig. 10(a) ), no significant interfaces between the layers were evident. To observe the boundaries between adjacent layers, the SAN in the middle layer was selectively dissolved using acetone; a wire-in-tube shape in the selectively dissolved tri-layered nanofiber was observed, clearly demonstrating the successful formation of tri-layered nanofibers (Fig. 10(b) ). Fig. 10(c) shows the CNFs in a wire-in-tube structure, after thermal treatment (stabilization and carbonization). The multi-layered CNF tubes were circular in shape, while the wire inside the tube was elliptical. This was probably due to insufficient shear dragging of the medium fluids. Porous wire-insolid tube-structured nanofibers were also manufactured, as shown in Fig. 10(d) . The porous wire was prepared simply by introducing the core solution to a SAN/PAN emulsion (SAN5PAN 5 153, 20 wt%) 49 . Circular pores formed as a result of thermal degradation of the SAN islands within the PAN matrix. Finally, a porosity gradient structure was obtained by changing the core and medium solutions using SAN/PAN emulsions ( Fig. 10(e) ). The larger pores in the core were surrounded by small pores (,100 nm). The SAN contents of the core and medium solutions were 50 and 25 wt%, respectively. Despite the presence of the pores at the core and in the middle layer, the skin shell of the CNFs was solid (having been converted from the PAN shell). Various structures in the multilayered nanofibers could be generated using the core-cut nozzle, despite significant changes in the solution properties, such as the viscosity and conductivity. This showed that the core-cut nozzle system was highly suitable for manufacturing multi-layered nanofibers using electrospinning.
In summary, the suitability of a core-cut nozzle system in the electrospinning process for manufacturing stable multi-layered nanofibers was demonstrated numerically and experimentally. The envelope of the core solution formed inside the shell fluid in the corecut nozzle, enabling control over the wall thickness and hollowness of the multi-layered nanofibers. Using a tri-layered core-cut nozzle, concentrically tri-layered nanofibers (PAN-core/SAN-medium/ PAN-shell) were successfully manufactured, demonstrating the potential of the core-cut nozzle system for manufacturing multilayered nanofibers with various structures.
Methods
Numerical simulations. To simulate the coaxial electrospinning process, three governing equations were coupled to each other. To reduce the computation time, the simulation was confined to nozzles with an axisymmetric geometry. Liquids were assumed to be incompressible and Newtonian fluids. Note that frequently the nonNewtonian fluids in many electrospinning simulation studies were simplified as Newtonian ones by disregarding the elastic effects due to drying of the jet and the simulation results were very well matched with the experimental results 45, 50 . Thus, the Navier-Stokes equation was used to describe the motion of the interfaces between the core and shell fluids and between the shell fluid and the surrounding air, and solved using the level set equation. The details were described in Supplementary Information.
Preparation of hollow carbon nanofiber using a core-cut nozzle. Bi-and tri-layered nanofibers were fabricated using a novel nozzle system, which was designed based on the simulation results (see Fig. S1 ). Poly (acrylonitrile) (PAN, M w : 200,000 g mol 21 , Misui Chemical) and styrene-co-acrylonitrile (SAN, M w : 120,000 g mol 21 , AN 5 28.5 mol%, Cheil Industries) were used as the carbonizing precursor and thermally degradable polymer, respectively. PAN and SAN were dissolved in N,Ndimethylformamide (DMF, 99.5%), where the concentrations of PAN and SAN were 20 wt% and 30 wt%, respectively. Note that PAN and SAN solutions were 48 . The applied voltage was 18 kV, and the tip-to-collector distance was 15 cm. The coaxially electrospun nanofibers were thermally treated for oxidative stabilization (at 270-300uC for 1 h in air atmosphere) and carbonization (at 1000uC for 1 h in an N 2 atmosphere) of the PAN layer. The rate of temperature increase was set at 10uC min 
